Hydrogen bonds play major roles in biological structure and function. Nonetheless, hydrogen-bonded protons are not typically observed by X-ray crystallography, and most structural studies provide limited insight into the conformational plasticity of individual hydrogen bonds or the dynamical coupling present within hydrogen bond networks. We report the NMR detection of the hydrogen-bonded protons donated by Tyr-42 and Glu-46 to the chromophore oxygen in the active site of the bacterial photoreceptor, photoactive yellow protein (PYP). We have used the NMR resonances for these hydrogen bonds to probe their conformational properties and ability to rearrange in response to nearby electronic perturbation. The detection of geometric isotope effects transmitted between the Tyr-42 and Glu-46 hydrogen bonds provides strong evidence for robust coupling of their equilibrium conformations. Incorporation of a modified chromophore containing an electron-withdrawing cyano group to delocalize negative charge from the chromophore oxygen, analogous to the electronic rearrangement detected upon photon absorption, results in a lengthening of the Tyr-42 and Glu-46 hydrogen bonds and an attenuated hydrogen bond coupling. The results herein elucidate fundamental properties of hydrogen bonds within the complex environment of a protein interior. Furthermore, the robust conformational coupling and plasticity of hydrogen bonds observed in the PYP active site may facilitate the larger-scale dynamical coupling and signal transduction inherent to the biological function that PYP has evolved to carry out and may provide a model for other coupled dynamic systems.
H
ydrogen bonds are ubiquitous in nature and central to biological structure and function, including protein and nucleic acid folding, molecular recognition, allostery, signal transduction, and enzymatic catalysis. Networks of adjoining hydrogen bonds frequently form in protein interiors, where they connect secondary structure elements, bridge discrete protein domains, and link together key active site groups. The unique structural and dynamical properties of these networks have been proposed to play fundamental roles to fine-tune protein architecture and position bound ligands, to propagate local conformational changes to remote protein regions, to couple the collective motions of distal groups, and to mediate long-range biological electron transfer (1) (2) (3) (4) (5) (6) .
Despite the prevalence of hydrogen bonds in biological macromolecules and their extensive characterization in small molecules (7, 8) , incisive dissection of specific physical properties that underlie their functional roles within the complex environment of a folded protein remains a formidable challenge. Electron densities for hydrogen-bonded protons are typically not observed in high-resolution X-ray structures. Thus, hydrogen bond formation must be inferred from the proximity of potential donor and acceptor groups. Furthermore, static crystallographic models provide limited information regarding the structural plasticity of individual hydrogen bonds or the dynamical coupling present within hydrogen bond networks.
A critical test case for understanding the intimate interplay between the physical properties of hydrogen bonds and their higher-order functional roles within proteins is provided by the cytosolic bacterial photoreceptor, photoactive yellow protein (PYP). PYP serves as the structural prototype of the Per-Arnt-Sim (PAS) sensory domain and has provided a powerful system to dissect the physical mechanisms of light-activated signal transduction (9) (10) (11) . Upon absorption of light at 446 nm and rapid charge rearrangement within its thioester-linked p-coumaric acid chromophore, PYP initiates a complex photocycle that couples the local trans-cis isomerization of a double bond within the chromophore to global conformational restructuring of the protein on the picosecond-to-millisecond time scale (12) (13) (14) . The phenolic chromophore is stabilized in the photochemical ground state as a phenolate anion by hydrogen bonds donated by Tyr-42 and protonated Glu-46, which form an extended hydrogen bond network within the active site via additional interactions with the side-chain hydroxyl of Thr-50 and backbone amide of Arg-52 ( Fig. 1) (15) . Disruption of this network via site-directed mutagenesis alters the photoabsorption properties of the chromophore and perturbs the kinetics of several steps within the photocycle (16) (17) (18) , implying a role for these residues in tuning the ground state photophysics of PYP and the energetics of its conformational transitions during the photocycle. While these mutagenesis studies provide strong evidence for the functional importance of hydrogen bonds, they do not reveal the physical properties of the parent, intact hydrogen bonds that underlie their functional roles during the PYP photocycle.
We report herein the direct detection of the hydrogen-bonded protons donated by Tyr-42 and Glu-46 to the chromophore oxygen in the PYP ground state by solution 1 H NMR. We exploit these resonances to incisively address key questions regarding fundamental structural and dynamical properties of these interactions in their intact state and how these properties may change during the earliest events of the photocycle: (i) Are conformational rearrangements within one hydrogen bond communicated to the neighboring hydrogen bond? (ii) What is the effect of delocalizing charge from the chromophore oxygen, analogous to the electronic redistribution upon photon absorption, on the structures and conformational coupling of these 2 hydrogen bonds? tial lengthening of the donor O-H bond and migration of the bridging proton toward the acceptor oxygen, based on extensive neutron diffraction studies of hydrogen bond structure in small molecules (22, 23) . Indeed, elongation of the O-H bond of Glu-46 was observed in a recent 1.5 Å resolution neutron structure of PYP (24) . Proton migration decreases sigma bond electron density around the bridging proton and deshields it relative to other protons, resulting in a more downfield NMR chemical shift that correlates with the O⅐⅐⅐O, O-H, and H⅐⅐⅐O distances of the hydrogen bond (25, 26) .
Consistent with the 2 short O⅐⅐⅐O distances observed cr ystallographically for the Ty r-42⅐chromophore and Glu-46⅐chromophore hydrogen bonds, we detected 2 far-downfield peaks at 13.7 and 15.2 ppm in the 1-dimensional 1 H NMR spectrum of PYP (Fig. 2) , in agreement with a previous report (27) .* These downfield resonances were not detected in the spectrum of the apo protein lacking the covalently attached chromophore and were shifted upfield upon incorporation of a -CN group to withdraw electron density from the chromophore oxygen, as expected for the protons of Tyr-42 and Glu-46 that are directly hydrogen-bonded to the chromophore oxygen (see below). Furthermore, we observed only 1 downfield peak for each of the Tyr42Phe and Glu46Gln mutants and 2 downfield peaks for the Thr50Val mutant, supporting our peak assignments to Tyr-42 and Glu-46 and ruling out a previous assignment to Thr-50 ( Fig. 2 and see below) . On the basis of a significantly stronger NOE cross-peak observed in a 1 H-1 H NOESY spectrum for the 13.7 ppm peak than the 15.2 ppm peak to ring protons of Tyr-42 ( Fig. S1 ), we provisionally assigned the 13.7 ppm peak to Tyr-42 and the 15.2 ppm peak to Glu-46 ( Fig. 2 ). This assignment is strongly supported by additional observations described below, although we note that the central conclusions of our study do not depend on this assignment.
As discussed above, a more downfield chemical shift for a hydrogen-bonded proton correlates with greater proton migration away from the donor oxygen and a shorter donor-acceptor O⅐⅐⅐O distance in small molecules (26) . On the basis of these small-molecule correlations, the chemical shifts of the downfield peaks in PYP may be used to estimate O⅐⅐⅐O distances of 2.56 and 2.61 Å for the hydrogen bonds donated by Glu-46 and Tyr-42, respectively. A 0.82 Å resolution X-ray structure of PYP (estimated coordinate error Ϯ 0.01 Å) reported a distance of 2.59 Å between the chromophore oxygen and the hydroxyl oxygen of , very similar to the NMR-derived distance estimate. However, the O⅐⅐⅐O distance of 2.48 Å from the crystallographic data for the Tyr-42 hydrogen bond is significantly different from the NMR-derived estimate of 2.61 Å.
An explanation for this paradox is provided by the 2 recent neutron structures of deuterium-exchanged PYP (24, 28) . In these structures the hydroxyl deuteron of Tyr-42 refined to a position giving an O-D⅐⅐⅐O angle of 148°(PDB 2ZOI) and an O-D distance of 0.96 Å (24) . In contrast, small-molecule hydrogen bonds with O⅐⅐⅐O distances of 2.4-2.5 Å typically have O-H⅐⅐⅐O angles greater than 165°and O-H lengths of 1.1-1.2 Å (22). These observations suggest that the Tyr-42 hydrogen bond has geometric features that deviate from those typically observed in small molecules. These features presumably prevent an accurate O⅐⅐⅐O distance prediction from the NMR chemical shift of the Tyr-42 hydroxyl proton.
For comparison, the O-H⅐⅐⅐O angle observed in the neutron structure for the hydrogen bond donated by Glu-46 to the chromophore oxygen is 169°(PDB 2ZOI) and the O-D distance refined to 1.21 Å (24), as expected for small molecules with O⅐⅐⅐O distances Ͻ2.6 Å. The significantly longer hydroxyl O-D bond refined for Glu-46 and more pronounced migration of its bridging deuteron relative to Tyr-42 directly supports our assignment of the more downfield NMR peak to Glu-46 and the more upfield peak to Tyr-42. The geometric deviation of the Tyr-42 hydrogen bond likely results from structural constraints within the folded protein interior on the relative positions of the chromophore and Tyr-42 oxygens, highlighting the ability of packing interactions within macromolecules to alter hydrogen bond properties from those observed in small molecules (29) . This deviation would not have been detected without direct observation of the hydrogen-bonded proton by neutron diffraction or NMR.
Direct Detection of Physical Coupling Between the Tyr-42 and Glu-46
Hydrogen Bonds. Perturbation of the Tyr-42 and Glu-46 hydrogen bonds via mutation to Phe and Gln, respectively, resulted in a 1.5 ppm downfield shift in the NMR peak position of the remaining, unperturbed hydrogen-bonded proton (Fig. 2) , suggesting increased proton migration toward the chromophore oxygen (see detailed discussion in SI Text). Similarly, the Thr50Val mutation, which ablates a hydrogen bond to Tyr-42 and presumably weakens its ability to donate a hydrogen bond to the chromophore (Figs. 1 and 2), resulted in the Tyr-42 peak moving 1.3 ppm upfield and the Glu-46 peak moving 0.6 ppm downfield relative to wild-type PYP. These chemical shift changes are expected for a lengthening of the Tyr-42 hydrogen bond and a concomitant shortening of the Glu-46 hydrogen bond. These results suggest that hydrogen bonds within the active site network of PYP are conformationally coupled, such that a structural perturbation to one is propagated to its connected hydrogen bond neighbors. These changes, however, could have resulted indirectly from additional active site rearrangements accompa-*The previous peak assignments were to the Tyr-42 (13.7 ppm) and Thr-50 (15.2 ppm) hydrogen-bonded protons, but an assignment of one of these peaks to the Glu-46 hydrogen-bonded proton could not be ruled out. Our results support assignment of the 13.7 ppm peak to Tyr-42 but strongly suggest that the 15.2 ppm peak arises from Glu-46 and not Thr-50. nying the mutations. We therefore applied an isotopic substitution method to directly probe physical coupling within the intact hydrogen bond network of PYP.
Hydrogen bonds with O⅐⅐⅐O distances Ͻ2.7 Å are known from small molecule neutron diffraction studies to be particularly susceptible to geometric perturbation upon substitution of the bridging hydrogen by deuterium. Because of anharmonicity in the shape of the hydrogen bond potential energy well, the lower zero-point energy for deuterium results in a shorter O-D bond than the original O-H bond by 0.01-0.02 Å and a lengthening of the O⅐⅐⅐O distance by a similar magnitude (7, 8, 23, 30) . These geometric changes are readily detected by NMR for small molecules in aprotic organic solvents (8, 31, 32) .
For a simple network of 2 O-H⅐⅐⅐O hydrogen bonds to a common acceptor, deuterium substitution of one hydrogen bond has been observed to result in a 0.2-0.3 ppm increase in the chemical shift of the proton in the neighboring hydrogen bond (33, 34) . These changes are consistent with a lengthening of the first hydrogen bond by deuteration (due to the shortened O-D covalent bond) and a shortening of the adjacent hydrogen bond in response [shorter hydrogen bonds give rise to increased chemical shifts (26) ], as depicted schematically in Fig. 3A . The observed transmission of geometric isotope effects through simple hydrogen bond networks within small molecules has provided direct evidence that the conformational properties of adjoining hydrogen bonds are physically coupled. This coupling may derive from subtle modulation of electron density on the acceptor oxygen that occurs upon hydrogen bond lengthening or shortening (7). For example, deuterium substitution of one hydrogen bond and concomitant lengthening of the D⅐⅐⅐O-acceptor distance may increase electron density on the acceptor oxygen, such that the proton bridging the neighboring hydrogen bond moves toward the acceptor oxygen and the H⅐⅐⅐O-acceptor distance decreases (Fig. 3A) .
Are the Tyr-42⅐chromophore and Glu 46⅐chromophore hydrogen bonds within the PYP active site conformationally coupled, such that a structural perturbation to one is propagated to the other? Given the short distances of these hydrogen bonds and the detection of their bridging protons via NMR, we hypothesized that the propagation of H/D geometric isotope effects within this network, if present, would be detectable by NMR and thus provide direct evidence for physical coupling between the intact hydrogen bonds. However, it was also possible that larger-scale individual and collective dynamic motions of groups within PYP could swamp out the subtle geometric perturbations introduced by deuterium substitution and hence render any conformational coupling absent or undetectable by NMR. A recent report of geometric isotope effects detected via 1 H NMR within a hydrogen bond network in cytosine deaminase indicated that such coupling is indeed detectable in at least one macromolecular system (35) .
As the D 2 O content of an aqueous solution of PYP increases from 0% to 100%, the protons bridging the Tyr-42 and Glu-46 hydrogen bonds exchange with solvent deuterons to populate the 4 possible hydrogen bond isotopologues depicted in Fig. 3B , with the relative populations determined by the isotopic content of the solvent and the H/D fractionation factors of the individual hydrogen bonds (8) . While substitution of a proton for a deuteron within either of these hydrogen bonds renders it invisible by 1 H NMR, its hydrogen-bonded neighbor remains detectable if its proton has not exchanged with a solvent deuteron (i.e., the 2 central HD isotopologues in Fig. 3B ). Given the expectation that deuteration of these 2.5-2.6 Å hydrogen bonds will lengthen them by 0.01-0.02 Å (23), propagation of this geometric isotope effect and subsequent shortening of its hydrogen-bonded neighbor would, in principle, be detected as a 0.1-0.3 ppm increase in the chemical shift of its bridging proton, as observed in small molecule studies (33) . Thus, if the conformations of the Tyr-42 and Glu-46 hydrogen bonds were indeed coupled in their intact, native states, then we expected to detect a second resonance for each peak as the D 2 O content of the solvent increased (4 peaks total), with the newer peaks corresponding to the altered hydrogen bond conformation resulting from deuteration of the neighbor. Alternatively, if the conformations of these hydrogen bonds were not strongly coupled such that the HH and HD isotopologues had equivalent chemical shifts, then we would observe only 2 peaks that decreased in intensity with increasing D 2 O content.
At 5% D 2 O, we detected only a single peak for each hydrogenbonded proton, as expected for near-exclusive population of the HH isotopologue. As the deuterium content increased and the HD isotopologues became populated, however, we indeed observed a second, more-downfield peak for each hydrogenbonded proton (Fig. 3C) . These new peaks increased in intensity relative to the HH isotopologue peak with increasing solution deuterium content. The NMR data indicate that the chemical shifts and hence equilibrium conformations of the Tyr-42 and Glu-46 hydrogen bonds are altered when the geometry of the adjoining hydrogen bond is perturbed by deuteration, providing direct evidence for physical coupling. Observation of only one downfield peak in 5% and 50% D 2 O solutions of the Glu46Gln mutant (Fig. S2) , whose longer 2.88 Å Gln⅐chromophore hydro- gen bond (20) was not expected to be significantly perturbed upon deuteration, confirmed that changes in hydrogen bond geometry upon deuteration of wild-type PYP are indeed propagated through the intact hydrogen bond network and not due to indirect changes in global protein structure.
For both downfield peaks, the chemical shift of the HD isotopologue is 0.2 ppm more downfield than the HH isotopologue, consistent with increased migration of the bridging proton away from the donor oxygen and shortening of the O⅐⅐⅐O distance by 0.01 Å. This 0.01 Å change detected in the hydrogen bond retaining its proton is on the same scale as the approximately 0.01 Å lengthening expected for the neighboring hydrogen bond that has been substituted with deuterium, based on small molecule studies of hydrogen bonds with similar lengths (23) . Thus, a conformational perturbation to one hydrogen bond is robustly transmitted to its adjoining hydrogen bond neighbor within the PYP active site and is not swamped out by larger-scale individual and collective motions within the protein.
The Effect of Chromophore Charge Delocalization on the Structures
and Coupling of the Tyr-42 and Glu-46 Hydrogen Bonds. Absorption of light at 446 nm by the negatively charged chromophore of PYP initiates a complex cycle of conformational changes throughout the protein that span the picosecond-to-millisecond time scale (9, 11) . Electronic Stark spectroscopy and ab initio computational studies of PYP have suggested that photon absorption results in an initial electronic excited state in which the negative charge residing on the chromophore oxygen in the ground state is delocalized across the conjugated -bond system of the chromophore (Fig. 4A) (36, 37) . These electronic changes lead to formation of intermediates on the picosecond (I 0 ) and nanosecond (I 1 ) time scales whose absorption maxima have been red-shifted to 500 and 465 nm, respectively (38, 39) . Ultra-high resolution X-ray structures of a cryo-trapped photocycle intermediate formed upon light activation of PYP (0.85 and 1.05 Å), thought to structurally resemble I 1 , indicated that the chromophore phenolate remained within hydrogen bonding distances of Tyr-42 and Glu-46 (21, 40) , suggesting that these hydrogen bonds are intact in the earlier electronic excited state.
What is the effect of charge delocalization from the chromophore oxygen on the lengths and conformational coupling of the Tyr-42 and Glu-46 hydrogen bonds? While the picosecond lifetime of the PYP electronic excited state precludes direct structural characterization via X-ray diffraction or NMR, ultrafast IR spectroscopy of photoactivated PYP detected a highenergy shift in the side-chain carbonyl stretch frequency of Glu-46 on the time scale of the electronic excited state, suggesting that the Glu-46⅐chromophore hydrogen bond lengthens in response to charge delocalization (41) . Such lengthening was also reported in the cryo-trapped structures of I 1 (21, 40) .
To directly assess the impact of chromophore charge rearrangement on the structures and coupling of the Tyr-42 and Glu-46 hydrogen bonds, we reconstituted PYP with a modified chromophore containing an electron-withdrawing cyano group on the double bond, termed PYP-CN (Fig. 4B) . Incorporation of the -CN group lowers the pK a of the free chromophore by 1 unit (Fig. S3A) , as expected for delocalization of negative charge from the phenolate oxygen into the aromatic ring and substituents. This delocalization mimics the analogous charge redistribution within the chromophore upon photoactivation. Consistent with this delocalization, PYP-CN displays an absorbance maximum that is red-shifted 20 nm to 466 nm (Fig. S3B) . Backbone amide 1 H-15 N HSQC spectra taken of wild-type PYP and PYP-CN indicated that the global architecture of PYP was minimally perturbed by -CN incorporation, based on the very similar pattern of amide crosspeaks observed for both proteins (Fig. S3C) .
To assess the effect of chromophore charge delocalization on the lengths of the Tyr-42 and Glu-46 hydrogen bonds, we acquired 1 H NMR spectra of PYP-CN. Two downfield peaks were observed, shifted 1.1 ppm upfield relative to their positions in wild-type PYP (Fig. 4C ). This increase in local magnetic shielding is indicative of subtle rearrangements in the positions of the hydrogen-bonded protons away from the chromophore oxygen and toward the donor oxygens of Tyr-42 and Glu-46. These distance changes are estimated to be 0.06 Å based on the observed chemical shift differences (26) . A change in proton position of this magnitude is expected to be accompanied by a lengthening of the hydrogen bond O⅐⅐⅐O distances by approximately 0.04 Å (22, 42) . Thus, lengthening of the Tyr-42 and Glu-46 hydrogen bonds upon charge delocalization from the chromophore oxygen appears to be an intrinsic property of these interactions that will contribute to conformational rearrangements during the PYP photocycle.
We next tested the effect of chromophore charge delocalization and concomitant hydrogen bond lengthening on the conformational coupling of the Tyr-42 and Glu-46 hydrogen bonds by acquiring the NMR spectrum of PYP-CN in 50% D 2 O (Fig.  4C ), as described above for wild-type PYP. We expected deuterium substitution of the longer hydrogen bonds in PYP-CN to result in a smaller perturbation of hydrogen bond length relative to PYP and thus expected to observe a smaller geometric rearrangement in the hydrogen-bonded neighbor than for PYP. Partial deuteration of PYP-CN leads to formation of a second downfield peak for both Tyr-42 and Glu-46, indicating that these hydrogen bonds remain conformationally coupled upon charge delocalization. As expected, the magnitude of the chemical shift difference is smaller, reduced from 0.20 ppm in PYP to 0.09 ppm in PYP-CN, consistent with a smaller perturbation in hydrogen bond length from deuterium substitution and diminished rearrangement of its hydrogen bond neighbor.
It was not possible to probe the lengthening of the Tyr-42 and Glu-46 hydrogen bonds over a broader and systematically varied range of chromophore charge delocalization due to the paucity of modified chromophores containing additional electronwithdrawing groups. To overcome this limitation, we adopted an alternative strategy, as follows. The ionized, thioester-linked p-coumaric acid chromophore of PYP is essentially a single ring phenolate substituted in the para position. We hypothesized that a series of free phenols substituted with different electron withdrawing groups in the meta or para positions might bind within the active site cavity of apo PYP as ionized phenolates, accept hydrogen bonds from Tyr-42 and Glu-46, and give rise to detectable downfield NMR peaks. These NMR peaks would then allow us to probe changes in hydrogen bond structure over a broad range of charge delocalization from the phenolate oxygen and, via comparison to native PYP, to test the role of covalent attachment of the phenolate chromophore in tuning the structural properties of the active site hydrogen bonds.
UV absorbance spectra confirmed that apo PYP does indeed bind substituted phenols as ionized phenolates, with a dissociation constant (K d ) of 30 M observed for 4-nitrophenolate binding (Fig. S4 A and B) . Backbone amide 1 H-15 N HSQC spectra taken of wild-type PYP and apo PYP saturated with bound 3-F-4-nitrophenolate displayed very similar patterns of amide cross-peaks, suggesting that phenolate-bound apo PYP has a global architecture that is very similar to native, wild-type PYP (Fig. S4C) .
No downfield peaks with a chemical shift greater than 12 ppm were detected in the 1 H NMR spectrum of unliganded apo PYP (Fig. 5A) . Upon phenolate binding 2 new peaks appeared with chemical shifts greater than 12 ppm, as expected for binding in the active site cavity and formation of hydrogen bonds to Tyr-42 and Glu-46. Active site binding was further supported by the appearance of only 1 downfield peak for phenolate complexes with the Glu46Gln mutant. The 2 downfield peaks had a chemical shift dispersion of 0.3 ppm or less, suggesting nearly identical hydrogen bond lengths. Indeed, for the lowest and highest pK a phenolates tested, the observed peaks overlapped substantially, requiring line shape simulation to deconvolute the chemical shifts of the individual peaks (Fig. 5A) . As the pK a of the bound phenolate decreased from 8.9 to 5.4, delocalizing more negative charge from the phenolate oxygen, the chemical shifts of the observed peaks decreased from 15.1 to 12.4 ppm (Fig. 5 A and B) . This 0.8 ppm chemical shift decrease per unit decrease in pK a can be used to estimate that the hydrogen bonds donated to the phenolate oxygen lengthen by approximately 0.03 Å upon charge delocalization equivalent to a 1 unit decrease in phenolate pK a . This lengthening is similar to the lengthening of 0.04 Å per pK a unit detected between PYP and PYP-CN (Fig. 4C) .
The chemical shifts of the more downfield peaks observed for PYP and PYP-CN (assigned above to the Glu-46⅐chromophore hydrogen-bonded proton) fall on the same correlation line as the phenolates (Fig. 5B) , based on the solution pK a values of the free chromophores (Fig. S3A) . However, the more upfield peaks observed for these proteins (assigned to the Tyr-42⅐chro-mophore hydrogen-bonded proton) deviate from the behavior of bound phenolates. This deviation, and the substantially nonlinear O-H⅐⅐⅐O angle of the Tyr-42⅐chromophore hydrogen bond that appears to underlie it (discussed earlier), presumably reflects the effects of the remainder of the chromophore and its covalent tethering within the active site cavity to constrain the geometry and length of the Tyr-42⅐chromophore hydrogen bond.
The systematic lengthening of the Tyr-42 and Glu-46 hydrogen bonds upon charge delocalization from the acceptor oxygen closely resembles the behavior of hydrogen bonds donated by Tyr-16 and Asp-103 to phenolates bound in the active site of ketosteroid isomerase, in which we detected an estimated 0.02 Å change in hydrogen bond lengths per change in phenolate pK a (43) . Nevertheless, there are observed differences in the behavior of hydrogen bonds formed to identical phenolates within the 2 distinct protein active sites (Fig. S4D) , which may arise from differences in the orientations of the hydrogen bond donating groups relative to the oxygen of the bound phenolate or from differential tuning of the relative proton affinities of the donor and acceptor groups via the local electrostatic or geometric environment. These differences highlight the potential of protein active sites to subtly modulate the structural properties of hydrogen bonds on the subangstrom scale (29) .
While the limited dispersion of the 2 peaks detected upon phenolate binding prevented investigation of the change in conformational coupling with systematic variation in charge localization via geometric isotope effects, we were able to detect such coupling between the hydrogen-bonded proton peaks in the spectrum of apo PYP bound to 4-nitrophenolate in 50% D 2 O (Fig. S4E) . We expected the chemical shift difference between the HH and HD isotopologues of bound 4-nitrophenolate to be smaller than observed for either PYP or PYP-CN, based on its more upfield NMR peaks and presumably longer hydrogen bonds relative to PYP or PYP-CN (Fig. 5B) . However, the observed 0.15 ppm chemical shift difference was intermediate between that detected for PYP (0.20 ppm) and PYP-CN (0.09 ppm), providing further evidence for the role of covalent attachment or binding interactions with the remainder of the chromophore in tuning hydrogen bond properties.
Implications. Knowledge of the dynamical motions of groups within proteins spanning a hierarchy of distance and time scales is rapidly increasing (44, 45) . Such dynamic behavior appears to be an intrinsic property of biomolecules and may play an important role in biological function. While dynamical motions are increasingly possible to detect, assessing whether such motions are coupled remains a formidable challenge.
The results herein illuminate fundamental conformational properties of hydrogen bonds within the complex environment of a protein interior and help elucidate the potential role of coupled motions within hydrogen bond networks. We have provided direct evidence of conformational coupling for 2 adjoining hydrogen bonds in the active site of PYP. While the magnitude of distance changes attendant to H/D geometric isotope effects are subtle and no larger than 0.01-0.02 Å, the strong coupling between the primary and propagated distance changes introduced by deuterium substitution suggests that larger transmitted effects are possible for larger initial perturbations. Thus, larger conformational changes to hydrogen bonds on the scale of 0.1 Å or greater may be robustly transmitted to adjoining hydrogen bonds. Indeed, the structural rearrangements we observed in response to mutations within the PYP hydrogen bond network support this view (Fig. 2) . Conformational coupling within networks of adjoining hydrogen bonds may therefore facilitate the transmission of structural rearrangements across significant distances and thus promote larger-scale dynamical coupling and signal transduction within proteins, as proposed in several systems (2) (3) (4) . Hydrogen bond coupling may be particularly crucial for modulating the proximity of donor and acceptor groups within proteins catalyzing proton-coupled electron transfer, due to the exquisite sensitivity of electron transfer efficiency to the donor-acceptor distance (5, 6, 46) .
While the structural rearrangements upon charge delocalization we have detected via solution NMR within the network of hydrogen bonds donated by Tyr-42 and Glu-46 to the chromophore oxygen of PYP reflect changes that have equilibrated with the surrounding protein matrix, they suggest that analogous nonequilibrium hydrogen bond rearrangements may accompany the earliest events of the PYP photocycle following photon absorption. Thus, we propose that charge delocalization from the chromophore oxygen upon photoactivation leads to lengthening and attenuated coupling of the Tyr-42 and Glu-46 hydrogen bonds. These changes and their propagated effects through the extended hydrogen bond network leading to Arg-52 may promote the subsequent structural reorganizations during the photocycle, including movement of the Arg-52 side-chain and flipping of the chromophore ring out of the active site pocket in I 2 (47, 48) .
Methods
PYP was expressed and purified from E. coli and reconstituted with the wild-type or cyanylated p-coumaric acid chromophore (Sigma-Aldrich) using previously reported methods (16) with minor modifications. 1D 1 H, 2D 1 H-1 H NOESY, and 2D 1 H-15 N HSQC spectra were acquired using previously reported methods (29, 43) . Hydrogen bond distances were estimated from NMR chemical shifts using published correlations that relate the measured chemical shift of the hydrogen-bonded proton to the O⅐⅐⅐O or H⅐⅐⅐O-acceptor distances (26, 42) . Spectral deconvolutions were carried out using the ACD/NMR Processor software. A full description of experimental methods is given in SI Text.
